A 409-base pair (bp) DNA fragment derived from the msp-1ß gene of Anaplasma marginale was amplified and simultaneously labeled with digoxigenin-11-dUTP by a polymerase chain reaction (PCR) assay. The resulting digoxigenin-labeled 409-bp PCR product was used as a probe for slot-blot and in situ hybridization to detect A. marginale DNA from experimentally infected bovine erythrocytes. The hybrid formation was detected with alkaline phosphatase-conjugated anti-digoxigenin antibody and substrates 5-bromo-4-chloro-3indolyl phosphate and nitroblue tetrazolium salt. In slot-blot hybridizations, the probe detected A. marginale DNA from approximately 1,000-10,000 infected erythrocytes in 1.25 ml of whole blood, which is equivalent to a parasitemia level of 0.00001%. The probe proved to be A. marginale-specific when tested with 17 species of microorganisms. The applicability of the probe for diagnosis was tested by screening A. marginale infections in 2 experimentally infected splenectomized cattle before microscopically detectable parasitemias and after acute infection. After inoculation of infected blood, A. marginale infections were detected with the probe 14 days prior to detection in stained smears. Microscopically inapparent parasitemias were also detected with the probe for 2 months after acute disease. When the probe was used for in situ hybridization on methanol-fixed blood smears, probe reaction could be visualized with light microscopy on A. marginale inclusions within infected erythrocytes. The probe reaction was not observed on leukocytes and uninfected erythrocytes from infected blood smears, on erythrocytes from uninfected blood samples, or on samples infected with A. ovis, Babesia bovis, or B. bigemina. This PCR-mediated nonradioactive probe appears to be a sensitive diagnostic test for A. marginale.
Anaplasmosis is a tick-borne disease of cattle and other ruminants caused by the intraerythrocytic rickettsia, Anaplasma marginale. The disease is the most prevalent of bovine hemoparasite infections and is enzootic to nearly half the world's livestock production regions. 23 Invasion and multiplication of A. marginale in erythrocytes of cattle may result in anemia, weight loss, abortion, and sometimes death during acute infections. 26 Cattle recovering from acute disease remain persistent carriers with low to inapparent parasitemias and may serve as reservoirs for transmission of the organism. 32 The annual losses attributed to anaplasmosis within the United States alone were estimated at $300 million. 23 Diagnosis of acute anaplasmosis is often based on direct microscopic detection of Anaplasma inclusions in Giemsa-stained blood smears. 28 Infected erythrocytes in carrier cattle are often not detectable by microscopic examination of stained blood smears (less than 0.1% infected erythrocytes). 18 A variety of serodiagnostic methods have been used to measure Anaplasma-specific antibodies, including the complement fixation, 15 capillary-tube agglutination, 24 card test, 3 latex agglutination, 22 indirect fluorescent antibody test (IFAT), 15 conventional enzyme-linked immunosorbent assay (ELISA), 28 and radioimmunoassay. These tests often lack sensitivity and specificity, or some of them do not distinguish infected from uninfected vaccinated cattle.
Detection of A. marginale using nucleic acid hybridization offers an alternative diagnostic tool. Several radioactive nucleic acid probes have been developed for detection of A. marginale from carrier cattle and infected ticks. 12, 13, 14 Anaplasma marginale infection can be detected in individual infected tick salivary glands or in erythrocytes at a level of 100-1,000 infected cells using a DNA probe derived from msp-1ß gene encoding the MSP-1b subunit of A. marginale. 14 Despite the high sensitivity and specificity of these probes, problems associated with radioactively labeled probes, such as the biohazard of radioactive compounds, limited shelf life, and extensive time required for autoradiography, have limited their use as diagnostic tools.
Nonradioactively labeled probes have been developed for detection of infectious agents because of their minimal hazard, short detection times, low cost, and stability, and because the sensitivity and specificity of these probes approach those of radioactive ones. The recent application of polymerase chain reaction (PCR) for generation of vector-free, digoxigenin-dUTP-labeled probes 4, 11, 17, 33 has greatly simplified probe preparation. An easily labeled, sensitive, and specific nonradioactive probe may provide a valuable diagnostic tool for A. marginale. Herein we report use of PCR to generate a digoxigenin (DIG)-11-dUTP labeled DNA probe for detection of A. marginale in bovine erythrocytes using slot-blot and in situ hybridization.
Materials and methods
Source of infected blood. The Virginia isolate of A. marginale (VAM) was used to infect donor calves for this study. This isolate has been successfully used in transmission studies of A. marginale involving ticks and cattle at the Anaplasmosis Research Laboratory, Oklahoma State University 19, 20 Two splenectomized calves (nos. PA312 and PA314) 2-to 5-mo old that tested negative for anaplasmosis by the complement fixation (CF), were inoculated intravenously with blood from a carrier calf, and were used as a source of infected blood. Calves were monitored for infection by light microscopic (LM) examination of Giemsa-stained blood smears and by determination of the packed cell volume (PCV).
Preparation of infected erythrocytes. For determination of the lowest percentage of infected erythrocytes that the probe could detect, 6 10-fold serial dilutions of known numbers of infected erythrocytes (2 x 10 5 -2 x 10 0 infected erythrocytes) were added to a certain amount of uninfected erythrocytes at final concentration of 2 x 10 10 erythrocytes/ml. The resulting samples were washed 3 times with phosphate-buffered saline (PBS; 0.137 M NaCl, 10 mM Na 2 HPO 4 , 3.2 mM KH 2 PO 4 ). For negative controls, blood collected from an uninfected animal was processed in the same manner. Before use, each sample was freeze-thawed 3 times to lyse eryth-rocytes, after which a 0.5-ml-aliquot equivalent of 1 x 10 10 total erythrocytes or 1.25 ml of whole blood was added to 2 volumes of PBS and centrifuged at 13,000 x g for 30 min. The supematant containing the released hemoglobin was removed. The resulting pellet was resuspended in 500 µl of PK buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 12.5 mM ethylenediaminetetraacetic acid [EDTA], 1% sodium dodecyl sulfate [SDS] and 0.1 mg/ml proteinase K), incubated at 56 C overnight, and extracted with phenol/chloroform/isoamyl alcohol (25:24:1) . DNA was precipitated with sodium acetate and absolute ethanol and resuspended in 300 µl of TE buffer (10 mM Tris-HCl [pH 8.01, 1.0 mM EDTA). Six final samples that contain 1 x 10 5 -1 x 10 0 infected erythrocytes and correspond to levels of parasitemia ranging from 0.001%-0.00000001% were applied for slot-blot hybridizations.
To determine the probe's ability to detect A. marginale before occurrence of microscopically detectable infection, blood samples were collected before inoculation and daily after inoculation until a 2%-6% parasitemia was detectable microscopically. For detection of A. marginale after acute disease, blood samples were taken from the same 2 calves twice weekly for 2 mo after A. marginale became undetectable with LM in Giemsa-stained blood smears. At each sampling time, 5 ml of blood from each calf was drawn into sterile EDTA tubes, washed 3 times with PBS, resuspended in PBS to 2.0 x 10 10 erythrocytes/ml and stored at -70 C. Blood samples were collected from an uninfected animal and treated in the same manner to serve as negative controls. Before probing, a 0.5-ml aliquot of washed erythrocytes representing 1.25 ml of whole blood from each sample was digested and extracted as described previously.
Specificity trials. The DNA probe was tested for its specificity with DNA extracted from bovine thymus and 17 species of microorganisms (Table 1) . DNA samples were extracted as described previously, and DNA concentrations were determined by absorbance at 260 nm. Three 10-fold serial dilutions from each sample were made from 2 µg of extracted DNA and used for slot-blot hybridization.
Generation of a DIG-labeled DNA probe using PCR. Oligonucleotides identical to BAP-2 and AL34S 30, 31 were synthesized at the Recombinant DNA/Protein Resource Facility, Oklahoma State University and used as primers. The PCR assay was done in a 100-µl reaction volume containing 1.25 units of AmpliTaq DNA polymerase, i 1 µM of each primer, 1 ng of DNA extracted from A. marginale-infected erythrocytes, 6,14 0.2 mM of dCTP, dATP, and dGTP, 0.13 mM of dTTP, 0.67 mM of DIG-11-dUTP, j 1.5 mM MgCL 2 , 10 mM Tris-HCl (pH 8.3), and 50 mM KCl. Amplification was performed for 35 cycles in a DNA thermal cycler k using a denaturing temperature of 95 C for 1.5 min, an annealing temperature of 57 C for 2 min, and an extension temperature of 72 C for 3 min. The amplified products were checked on a 1.5% agarose gel. Confirmed DIG-labeled 409-base pair (bp) DNA fragment was purified by ethanol precipitation. The yield of the DIG-labeled DNA was calculated by the procedure recommended by the manufacturer 8 and used as a probe for slot-blot and in situ hybridization.
Slot-blot hybridization. DNA samples were treated and bound to nylon membranes' using a slot-blot minifold m ac- cording to manufacturer's instructions. The membrane was prehybridized for 1 hr at 42 C with prehybridization solution (20 ml/ 100 cm 2 membrane) containing 50% formamide, 5 x standard saline citrate (SSC), 2% blocking reagent: 0.1% sarkosyl, 0.02% SDS, and 0.1% salmon sperm DNA. The prehybridization solution was removed and 2.5 ml/ 100 cm 2 membrane of hybridization solution (prehybridization solution + freshly denatured labeled probe at final concentration of 30 mg/ml) was added to the membrane and incubated overnight, after which the hybridization solution was saved at -20 C for reuse. The membrane was washed twice for 5 min with 2 x SSC and twice for 15 min with 0.1 x SSC at 68 C. DIG-labeled probe was detected by specific immunological reaction using 1:5,000 diluted anti-DIG Fab fragment conjugated to alkaline phosphatase and the substrates 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitroblue tetrazolium salt (NBT) following the manufacturer's instructions.
In situ hybridization (ISH) . To test the applicability of the probe for detecting A. marginale on blood smears using in situ hybridization, blood samples were collected daily from the 2 infected calves during a period when infection of erythrocytes was apparent by microscopic examination. Blood smears were made on the pretreated slides, n fixed in 100% methanol for 3 min, and air dried. A. ovis-, a Babesia bovis-, c and B. bigimina-infected blood a and uninfected blood were treated in the same manner and used as negative controls. Slides were either used immediately for ISH or stored at -70 C for later use. Prior to hybridization, slides were rehydrated in 2 x SSC for 15 min and then prehybridized in prehybridization solution at 42 C for 1 hr. To denature the DNA probe and target Anaplasma DNA, the DNA probe was heated in boiling water for 10 min and the smears were rinsed in 0.3 N NaOH for 1 min, respectively. A 5-ng DIG-labeled probe in 70 µl of prehybridization solution containing 5% dextran sulfate was then added on each slide, and the slides were covered with coverslips and incubated overnight in a sealed humid pan at 42 C. Coverslips were removed the following day and slides were washed in decreasing concentrations of SSC at 48 C. To detect DIG-labeled probe, slides were incubated with 1:1,000 diluted anti-DIG conjugated antibody. Color development was achieved by covering slides with chromogenic substrate solution (BCIP/NTP) for 4 hr. Development was stopped by rinsing in TE buffer. Slides were air dried, counterstained with eosin, coverslipped in permount, and observed with LM. The parasitemias determined by in situ hybridization were compared with those from Giemsa-stained smears made from calf no. PA 312 in 15 successive days, and the data were statistically analyzed using a paired t-test.
Results
Digoxigenin DNA labeling using PCR. To confirm if digoxigenin-11-dUTP was incorporated during DNA amplification, the electrophoretic mobility of the PCR products amplified with and without digoxigenin were compared using a 1.5% agarose gel electrophoresis (Fig.  1) . The labeled 409-bp DNA fragment (Lane 1) migrated more slowly than the unlabeled 409-bp fragment (Lane 3), demonstrating that digoxigenin-11- Sensitivity and specificity of theprobe. To determine the sensitivity and specificity of the digoxigenin-labeled probe, the probe was first hybridized to each of 6 10-fold serial dilutions of DNA extracted from the blood that contains the known numbers of infected erythrocytes, the unlabeled 409-bp DNA fragment, and the 2-kilobase (kb) fragment derived from msp-1ß gene of A. marginale (Fig. 2) . A very faint band occurred on the third dilution of the blood sample that contains 1,000 infected erythrocytes and corresponds to a parasitemia level of 0.00001%. The probe detected 0.0001 pg of the unlabeled 409-bp DNA fragment and 0.01 pg of the 2-kb fragment derived from the Anaplasma msp-1ß gene. 14 Color reaction was not observed on the control samples that contain 1 x 10 10 uninfected erythrocytes. The probe was found to be A. marginale-specific and did not hybridize with DNA extracted from bovine thymus and 17 species of microorganisms, including A. ovis, B. bigemina, and B. bovis (Fig. 3) .
Detection of A. marginale during preacute infection and after acute disease. Anaplasma marginale was detected with the probe in the slot-blot hybridizations before the occurrence of microscopically detectable levels of infections (Fig. 4) . Probe reactions were seen in samples from the 2 calves beginning at days 10 (calf no. PA 312) and 14 (calf no. PA 314) postinfection. The intensity of the hybridization signals remained constant for several days and then gradually increased. Compared with the infected erythrocyte standards, the number of infected erythrocytes in PA 312 reached to 10 7 /1.25 ml of blood while parasitemia was first detectable microscopically on day 24 postinfection. Thereafter, the parasitemias, as determined by the DNA probe, were comparable with those determined by LM.
After infections in both calves became inapparent, hybridization signals occurred in most samples collected over the 2-month period. Comparison of test samples with infected erythrocyte standards revealed that the number of infected erythrocytes in the test samples varied from < 10 3 to 10 7 per 1.25 ml of blood, which correspond to parasitemias ranging from <0.00001% to 0.1% (Fig. 4) .
Application of the digoxigenin-labeled probe for in situ hybridization. When the probe was used for in . Parasitemia levels determined by the nonradioactive DNA probe and by Giemsa stain during preacute infection and after acute disease in 2 experimentally infected calves. The number of A. marginale-infected erythrocytes per 1.25 ml of blood determined by visual comparison of the intensities of the color hybridization signals obtained from infected blood with those of control standards in slotblot hybridization were expressed as log 10 . Levels below 10 3 infected erythrocytes per 1.25 ml of blood could not be detected by using this nonradioactive DNA probe. Parasitemias higher than 2%-6% were not tested with this nonradioactive DNA probe. situ detection of A. marginale in smears of erythrocytes, probe reaction occurred on A. marginale inclusions (Fig. 5a ). The morphology of the organism with in situ hybridization was comparable to that seen in Giemsa-stained slides. Parasitemias determined by in situ hybridization were slightly lower than those determined by Giemsa-stained smears (0.025 > P > 0.01) ( Table 2 ). Probe reaction was not observed on leukocytes nor on uninfected erythrocytes (Fig. 5a ) or control uninfected erythrocytes (Fig. 5b) ; A. ovis-, B. bovis-, and B. bigemina-infected blood smears were also negative.
Discussion
The 409-bp DNA fragment derived from the msp-1ß gene encoding the MSP-1b subunit of A. marginale 5 was first amplified by PCR assay from hemolymph, oral secretions, midguts, and salivary glands of experimentally infected ticks. 29, 30, 31 The assay was found to be A. marginale-specific when tested with 18 species of bacteria and protozoa and 7 isolates of A. marginale from diverse geographical areas of the USA. 30 The data presented here have demonstrated the feasibility of using PCR to amplify and simultaneously label this 409-bp DNA fragment with digoxigenin-11-dUTP for development of a probe for detection of A. marginale. In this protocol, DIG-11-dUTP was successfully incorporated into the 409-bp DNA fragment during amplification. Greater than 1 µg of the labeled probe per 100 reaction mixture was produced in 5 hours. The labeling reaction was more efficient than random primed DNA labeling, which has been the most efficient method reported previously. 8 As compared with standard PCR reaction conditions, 29, 30, 31 Recently, several radioactive nucleic acid probes have been developed for detection of A. marginale in bovine erythrocytes and tick tissues. These probes were constructed either from Anaplasma DNA genome 2,35 or by recombinant techniques. 1, 6, 12, 13, 14 that required molecular cloning using vectors, restriction digestion of vector DNA, and recovery or purification of the insert. A sensitive and specific RNA probe was used to detect and quantitate A. marginale in carrier cattle, and 0.01 ng of Anaplasma genomic DNA and 500-1,000 infected erythrocytes were detected. 12, 13 The sensitivity and specificity of our PCR-mediated DIG-labeled DNA probe were comparable to this RNA probe and other probes reported for detection of A. marginale. However, the procedure for preparation of the probe used in this study was simpler.
In situ hybridization combines sensitivity and specificity of traditional nucleic acid hybridization with precise histological localization without disrupting tissue morphology. 7 The technique has been used widely for detection of pathogens in infected tissue sections. 9, [10] [11] [12] [13] [14] [15] [16] 21 In the present study, the DIG-labeled 409bp DNA probe was used successfully for in situ hybridization to detect A. marginale on methanol-fixed blood smears. The probe reaction was specific and was seen only on A. marginale inclusions in infected erythrocytes. Nonspecific background staining was not observed. The percentage of infected erythrocytes determined by in situ hybridization was comparable to that determined in Giemsa-stained smears by LM. Anaplasma marginale inclusions were easily identified with in situ hybridization. In situ hybridization was especially useful for early detection of A. marginale when parasitic inclusions are difficult to differentiate from Heinz bodies, Howell-Jolly bodies, and staining artifacts often seen in Giemsa-stained preparations. 34 In addition, the probe is able to detect 1,000-10,000 infected erythrocytes in 1.25 ml of whole blood (~ 1 x 10 10 erythrocytes), which is equivalent to a parasitemia level of 0.00001%. Microscopically inapparent parasitemias were also detected with the probe for 2 months after acute disease in 2 chronically infected splenectomized cattle. Therefore, this nonradioactive DNA probe may be useful as a diagnostic tool because of its sensitivity in detecting early infections and its potential in identifying intact carrier cattle in the field when parasitemia may be inapparent by LM. Further studies are underway using this probe for study of A. marginale in intact carrier cattle, ticks, and cell culture by slotblot and in situ hybridization.
